iy

31

NASA-CR-63-29 Copy No.

NIRRT IN

‘Y

N64 11818
/59, Cope-/
/ NRE )7 55027

CONTRACT NAS8.2631

DETERMINATION OF LOW-TEMPERATURE
FATIGUE PROPERTIES OF ALUMINUM
AND TITANIUM ALLOYS

ANNUAL SUMMARY REPORT —

—
—
—
—
_—

—
—

- oTS pRICE
() 2 \\\

JULY 1963 ,%/ g
xEROX ? % \
E

W CROF 1L

prepared for

NATIONAL AERONAUTICS AND SPACE ADMINISTRATION
GEORGE C. MARSHALL SPACE FLIGHT CENTER

prepared by

MARTIN

DENVER

\




CZNASA—CR-63-29;) oTS : <r‘0"“C> Copy No.

(/’/ / SA Contract NA38-2631‘>

DETERMINATION OF LOW-TEMPERATURE FATIGUE
PROPERTIES OF ALUMINUM AND TITANIUM
ALLOYS, ANNUAL SUMMARY REPORT

July 1963

Authors

Schwartzberg ,
Keys 7
. Brown ) 4»741;

Reightler M )9¢3

.
.

OR®™
ISR SR- N

Approved

W. H:1Clohessy, gi%ector
Space Research Labératories

WWW

Denver Coloyado
Aerospace Division of Martin-Marietta Corporation

-

g



FOREWORD

This report was prepared by Martin-Marietta Corporation underxr
Contract NAS8-2631 for the George C. Marshall Space Flight Center
of the National Aeronautics and Space Administration. The work
was administered under the technical direction of the Propulsion
and Vehicle Engineering Division, Engineering Materials Branch,
of the George C. Marshall Space Flight Center, with W. B. McPherson
acting as Project Manager.
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ABSTRACT

119¢

The first year's progress on this program is reported.

Two cryogenic fatigue-testing systems were constructed: one
for operation at -320°F, one for -423°F testing. Cryostats were

A + Af ala Atrawiala
designed to permit fully reversed stressing of sheet materials

under axial load conditions, A cryostat design incorporating a
vacuum-insulated, double-walled, stainless steel container with

a tubular loading stem passing through its central axis was used,
The cryostat mounts on the reciprocating platen of the test ma-
chine and moves with it while the 1id and associated lines and
instrumentation remain fixed, The equipment techniques developed
have demonstrated that by careful alignment, fatigue tests of
axial-loaded, flat sheet materials can be effectively accomplished
using fully reversed stresses, The apparatus has performed satis-
factorily for almost 1 yr despite the severe environmental con-
ditions,

Various aluminum and titanium sheet alloys (0,100-in, nominal
thickness), as listed below, were evaluated in the parent metal
and,where applicable, welded conditions,

Aluminum Titanium
2014-T6 Ti-5A1-2,55n
2219-T87 Ti-6A1-4V
5456-H343 Ti-13V-11Cr-3A1
2020-T6

7075-T6

Properties were determined at 70, -320, -423°F for fatigue

life in the 1O3 to 107 cycle range, Titanium alloy 5A1-2,5Sn

showed outstanding behavior on the basis of fatigue strength/
tensile strength ratio values., The Ti-6Al-4V alloy heat-treated
to 165,000 psi showed fatigue strength similar to Ti-5A1-2,5Sn,
but was poorer on the dynamic/static strength ratio basis, Welded
Ti-5A1-2,5Sn also exhibited outstanding properties,

In the aluminum family, 5456-H343 fared very well, Alloys
2014-T6 and 2219-T87 also showed good fatigue properties, The
2020-T6 and 7075-T6 compositions exhibited the lowest properties
of all the materials evaluated, Welded 5456, 2014, and 2219 all
displayed good fatigue resistance,

The titanium alloys exhibited a much greater ratio of fatigue/

ultimate strength than the aluminum alloys, f%j [{7)1/



I. INTRODUCTION

Because of the behavior of structural materials at low tem-
peratures, selection of the proper materials for booster and space
vehicle systems that use cryogenic propellants is a challenge.
Routine mechanical properties, such as tensile and compressive
strength, modulus of elasticity, and ductility, are usually deter-
mined to assess the behavior of a candidate material. Behavior
under stress concentration and cyclic loading conditions must also
be studied to evaluate adequately a potential material.

Cryogenic literature reveals some data on the routine prop-
erties, but there is a significant lack of reliable information on
fatigue or cyclic loading. Cryogenic data on welded material are
virtually nonexistent. To fill this obvious requirement for sound
engineering data, the experimental program presented in this re-
port was prepared.

Fatigue tests can best be described by the method used to
apply loads. Repeated loading to both a constant-stress amplitude
and a constant-strain amplitude are used. With the first method,
direct axial loading is employed, and with the second, bending
techniques, either plane or rotational. For axial testing, the
entire cross section is uniformly loaded. Stress is determined
by load/area. 1In bending, the stress varies throughout the cross
section of the test specimen, from a maximum at the outer fiber
through zero at the neutral axis, to a maximum negative value at
the opposite outer surface. With this technique, stress must be
obtained by calculating from the moment formula S = (Mc)/I.

Although these bending tests have been the most popular fatigue
techniques in the past, they are being replaced by the axial-loading
method because there are certain disadvantages in using bending
fatigue.

As shown by the formula, bending stress is calculated using
the bending moment and section modulus. The bending moment M is
a function of the modulus of elasticity of the test material.
Accuracy of the stress calculation is therefore directly propor-
tional to the accuracy of the modulus value. Although moduli of
common engineering materials at room temperature are known, there
is little information in the literature on values at cryogenic
temperatures.

The endurance limit obtained by bending techniques may be as
great as 30% higher than values obtained by axial loading. Although




we do not fully understand the reasons for this, certain state-
of-stress theories have been proposed. One explanation is the
possible development of favorable transverse stresses in the
elongated or compressed surface layers and an outer-layer resist-
ance to deformation caused by the underlying material during bend-
ing load tests.

Another shortcoming of the bending technique is that when
plastic yielding occurs, stresses in the member cannot be readily
calculated. Even in tests performed in the elastic range, minute
localized plastic deformation may change the outer fiber stress.

There is a greater chance of failure from minor surface defects
in bending than in axial loading. These defects may also create
larger scatter with a limited number of specimens.

In calculating stress, the simple moment formula can be used
only on specimens free from holes, grooves, and outline or surface
discontinuities, such as weld beads. Therefore, to evaluate the
bending fatigue of welded specimens, it would be more desirable
to machine the weld bead flush. However, this would detract from
the validity of the joint information because it eliminates stress
concentrations.

The proposed material applications in cryogenic booster and
space vehicles under conditions of cyclic loading suggest that
alternating tension/compression stresses may more closely simulate
the service history of the structure.

Because of the superiority of the axial-loading technique and
its ability to simulate anticipated structural loads, this method
has been selected for this program. The axial-loading machines
used employ a rotating mass to apply a controlled dynamic load
sinusoidally about a static-load level.

Tension/compression tests of sheet materials under axial loading
are not often performed, for these tests are normally restricted
to bar materials. Fortunately, the sheet gage selected by NASA
presented the opportunity to attempt complete reversal of stresses
without having to resort to the bending technique. The success of
such an approach depends on the flatness of the sheet products
available. The aluminum alloys used for this research were suffi-
ciently flat to permit fully reversed stressing. Unfortunately,
the heat-treated titanium sheet materials were rather warped and
could not be tested safely under compressive loads. Tension/
tension loads were therefore used for both the annealed and heat-
treated titanium alloys.




Testing at liquid hydrogen temperature was conducted at the
Denver laboratories. All equipment was designed and constructed
at this location. Evaluation of fatigue properties at 70 and
-320°F was conducted at the Baltimore laboratories.



II, MATERIALS

The materials selected for evaluation in this program include
those that are being considered for structural service at cryogenic
temperatures. Several of the materials selected by NASA were
mutually recognized as exhibiting poor behavior at these temper-
atures. However, they were retained to show the comparison
between various compositions.

Material condition was selected to give the highest strength
level for each alloy. Weldable alloys were evaluated in both
the parent metal and as-welded conditions.

Parent-metal specimens of the eight alloys listed in Table I
were evaluated.

Table I List of Materials* Selected for Experimental Program

Thickness
Alloy Base Designation Temper Nominal, in. Vendor Heat No.
Aluminum 2014 -T6 0.100 Reynolds -
Aluminum 2219 -T87 0.100 Alcoa -
Aluminum 2020 -T6 0.090 Unknown* -
Aluminum 5456 -H343 0.100 Alcoa -
Aluminum 7075 -T6 0.100 Reynolds -
Titanium Ti-5A1-2.58n Annealed 0.100 Titanium Metals| D-3272
Corporation
Titanium Ti-6A1-4V Solution-Treated 0.100 Titanium Metals| D-2488
and Aged (1660F/ Corporation
5 min, WQ; 1000F/
4 hr, AC)
Titanium Ti-13V-11Cr-3A1 | Solution-Treated 0.100 Titanium Metals| D-1639
and Aged (1450F/
20 min, AC; 900F/
24 hr AC)

*Material supplied by National Aeronautics and Space Administration.




Four of the five aluminum alloys were readily available. The
fifth composition, 2020-T6, was commercially available only if a
mill run (2000 1b) would be purchased. Fortunately, sufficient
sheet material was available from NASA to perform the required
testing.

The alpha (Ti-5A1-2.5S8n) and alpha-beta (Ti-6A1-4V) alloys
were purchased as extra-low interstitial grade to assure maximum
toughness at cryogenic temperatures. No attempt was made to procure
low interstitial beta (Ti~13V-11Cr-3Al) alloy because of its well-
known brittle behavior, independent of impurities, below -100°F,

Much difficulty was experienced in the procurement of solution-
treated and aged Ti-13V-11Cr-3Al alloy. The first sheet received
was rejected by Martin Company because of its very poor flatness.

A second sheet, heat-treated to Martin's requirement, was rejected
by the vendor for poor flatness control. A third sheet, however,
was accepted by Martin even though flatness was still poor. The
solution-treated and aged Ti-6Al-4V sheet was also poor, but was
within specification limits. Only the alpha titanium and aluminum
alloys exhibited good flatness characteristics.

Procurement of welding wire for the titanium alloys was very
difficult. The only company prepared to offer low interstitial
Ti-5A1-2.58n and Ti-6Al-4V and normal interstitial Ti-13V-11Cr-
3Al wire was the R & D Metals Corporation of Kidron, Ohio, and it
experienced great difficulty in fabricating the wire. Martin
Company's order for the wire was placed in May 1962, and delivery
was promised for July 1962. However, only the Ti-6Al1-4V arrived
on schedule, for trouble was experienced in drawing the remaining
two alloys below 0.060-in., diameter. Finally, in November these
items were shipped. Unfortunately, the Ti-13V-11Cr-3Al was claimed
to have been lost in transit. To prevent further delays, a search
was conducted at the Martin Company for Ti-13V-11Cr-3Al wire in a
similar size for the required welding. A sufficient amount was
located at the Baltimore Division.

Aluminum and titanium alloys were welded with the tungsten
inert gas (TIG) process and automatic welding heads. Tables II
and III list details of the procedure used for each material.

All weld panels were radiographically inspected. The aluminum
panels were found to exceed the Class II requirements of MSFC
drawing No. 10509310, Weld quality approximated the requirements
displayed in the NASA specifications for Class I welds. Similarly,
the titanium alloys were of high quality. Very minor porosity was
noted in several areas of the Ti-13V-11Cr-3Al.



Particular emphasis was placed on procurement of low-interstitial
titanium sheet and welding wire and on prevention of contamination
during welding to maintain low interstitial content. Interstitial
analyses reported in the certification of test provided by the ven-
dors for the sheet and wire were confirmed by vacuum fusion anal-
yses for oxygen, nitrogen, and hydrogen performed by Titanium
Metals Corporation of America on the sheet metal, welding wire,
and weld beads. These results, listed in Table IV, show excellent
agreement between the certification analyses and the check analyses.
The low levels of oxygen and nitrogen in the weld beads are proof
of satisfactory inert gas protection during the welding process.

Table II Details of Welding Procedure for Aluminum Alloys

Filler Wire Voltage, Current, Speed,

Alloy Wire |[Diameter, in. v amp in./min
2014-T6 2319 3/32 11 160 11
2219-T87 2319 3/32 11 170 12
5456 -H343 5556 3/32 11 170 11

TIG-welded with Airco D head; argon protective gas; AC.

Table ITI Details of Welding Procedure for Titanium Alloys

Wire Voltage, |Current, Speed,

Alloy Diameter, in. v amp in. /min
Ti-5A1-2.58n 0.030 10.5 215 13
Ti~0Al-4V 0.030 11 215 13
Ti-13V-11Cr-3Al 0.045 11 215 13

TIG-welded with Airco D head and 300A. P & H power supply; DC,
straight polarity; helium-argon backup and trailing gas protec-
tion; parent-metal filler wire.
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I1I., SPECIMENS

Tensile specimens were machined to the specifications shown
in Fig. 1. These specimens were designed specifically for use
with the multiple-linkage systems described by Keys (Ref. 1).

i= 7.15/16 + 1/16 Stock Size———~b1

, 7.75 + 0,030 |
1.12 1.59 +0. 002
2.31 + 0.030 :
l +0.030 +0.030 = 0.750  _4 000 pia
1.12 4+ 0.030 Rad —B_I |/ Thru 2 Places

w
O
O

2 PléZZE\\\\\ 0.75 % 0.015 Rad
SR N 2 Places A =ao.ow0] |
F ~
1 11/16 + 1/16 | y | /

Stock
ool - '{5_ “tg
|

Size +0,015
Weld —A-}

+

l—2.,75 + 0.030

Thru ¢ of Holes

l&—————— 550 + 0.030

Fig., 1 Specifications for Tensile Specimen

Fatigue specimens were machined according to the sketch in
Fig. 2. Aluminum specimens were machined to the 0.375-in. gage
width A dimension; titanium material, to a gage width of 0.200-in.
In contrast to the usual fatigue specimen shapes, the specimen
design incorporates a straight-column test-gage section. A
constant-width test section was selected to permit proper eval-
uation of weld bead and heat-affected zone in a short column length.




1.94 + 0.06
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Size

Drill & Ream
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0.000
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—\—

‘——_5\_%
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\

5.00 + 0.030——— /45\
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Centered Within 0.030

0.75 + 0.030 Rad Detail for Welded Specimens
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| LT
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+
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[Ea 70002 0
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Fig. 2 Specifications for Fatigue Specimen
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Column analysis revealed that the specimen exhibited a high
margin of safety from column buckling if properly aligned. An
additional analysis was performed to show the relationship be-
tween the degree of misalignment and applied axial loads for
various alloys. Figure 3 shows this relationship for a typical
aluminum alloy composition (5456-H343) at -423°F. As shown in
the diagram, to permit axial loads in the 1500 to 2000-1b range,
alignment must be maintained at better than 0.001 in.

2.5
- [~
P . [ ::: P
—_ — —-—
=
\ —~
2.0 \ I
€
. L.5 \\\
D: \
< \_\
3 I
= 1.0
0.5
0
1 2 3 4 5 6 7 8 9 10

Eccentricity, ¢, in., x 10—3

Fig. 3 Effect of Misalignment on the Applied Axial Load of
5456-H343 Aluminum Alloy at -423°F
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IV. TEST APPARATUS AND FACILITIES

The fatigue-test apparatus (Fig. 4) was designed for use with
Sonntag SF 10 U fatigue-testing machines. These machines have a
reciprocating platen located in the center of the test bed. Load
is applied between this platen and the head frame anchored to the
test bed. Such machines have a capacity of 5000 1b dynamic load
and +5000 1b static load. Therefore the test apparatus was de-
signed to match this capacity.

The principal requirements for this system were:

1) Ability to operate at -320 and ~-423°F;
2) Good thermal efficiency;
3) Ease of specimen change;

4) Precise alignment;

5) Automation of temperature-control system,
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Fig. 4 SF 10U Fatigue-Testing Machine
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A, CRYOSTAT

Based on the described requirements, a test cryostat was de-
signed (see Appendix A for detailed drawings of the components).
Figure 5 shows a cutaway view of the liquid hydrogen cryostat
assembly mounted in the test machine. The design incorporates
a vacuum-insulated, double-walled, stainless steel container with
a tubular loading stem that passes through its central axis.
Another tubular loading stem passes through the cryostat 1lid. The
test specimen is gripped between these two stems. The cryostat
mounts on the reciprocating platen of the test machine and moves
with the platen while the 1id, with the liquid supply line, vent
line, and instrumentation support attached, remains fixed to the
machine head frame. By using this system, the test cryostat would
have to withstand long-term forces of approximately 2 g, and after
fracture of the test specimen, forces exceeding 36-g acceleration
as well as impact from the broken ends of the specimen hammering
together.

The tubular loading stems were machined to a diameter of
approximately 2 in. and a wall thickness of 0.070 in. The ends
were threaded to receive the specimen grips and anchor into base
blocks. Richards-type vacuum valves were recessed into the stem
bases to avoid accidental damage and freezeout during test. The
double-walled body was made by welding cylindrical sections to
spun dome pieces that in turn were welded to small flanges on
the stems. An unusual feature of the cryostats was the use of
ready-formed, stainless steel, spun domes. These domes were cook-
ingware items (soup tureens and flour scoops) purchased from a
local restaurant supply store. Figure 6 shows the cryostat com-
ponents before assembly.

The liquid hydrogen cryostat lid was made so that a vacuum-
insulated liquid-fill line and a vent line with a concentric liq-
uid dump line within it were welded into the 1lid unit. The dump
line served as a support for the liquid-level sensor elements.

The seal between the lid and the cryostat was a conductive neoprene
bellows. An O-ring was used to seal the lid against the upper
stem. Figure 7 shows the 1lid assembly.

All cryogenic structural parts were made from 300 series stain-
less steels. Two cryostats were constructed: one for use at -423°F,
and one for -320°F service. The two units were identical except
for the absence of liquid nitrogen cooling of the lower stem in
the nitrogen cryostat and a less-sophisticated lid assembly for
nitrogen service.
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Fig. 5 Cutaway View of Cryostat Assembly

Testing Machine

Mounted in Fatigue-



Fig. 6 Cryostat Components before Assembly

15
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B. ALIGNMENT AND ASSEMBLY

Because test alignment is critical, the specimens were designed
to align themselves axially by three close-tolerance fastener holes
in each end. Lateral alignment was provided by confining the spec-
imen between polished guide shoulders extending well into the
fillet sections. Allowance was made in the design of the grip
slots for up to 0.005-in. variation in specimen thickness. The
grips were made by furnace-brazing premachined grip halves and then
finish-machining the assembly for precise alignment. The bases
of the grips are threaded for ease of installation in the loading
stems. A slotted alignment shoulder permits the grip to be wrench-
tightened.

A thermal locking action was used to obtain tight joints within
the grips. When aluminum specimens are used, they contract tightly
against the steel-mounted fastener pins, producing locking. Con-
versely, with titanium specimens, the grips contract to tighten
the bolt group against the specimen. A thermal lock is also
achieved by using titanium washers between the threaded grip bases
and the loading stems.

The loaded cryostat assembly inserts into the fatigue-testing
machine by a unique mounting system that provides rapid installa-
tion and precise alignment. This mounting system uses tee-slotted
retainer plates fixed to the test machine heads; matched tee-shaped
blocks, tapped out to accept the loading stems, are mounted on the
cryostat assembly. When these blocks are inserted in the retainer
plates, they provide a precise fit of the entire assembly., The
mounting system is locked by using paired wedge plates located in-
side the retainer plates. Figure 8 shows the retainer plate (A),
tee-block (B), and wedge plates (C). Aligument of each component
of the system is necessary for testing of sheet materials, and
each component must be installed in its indexed position for each
test. The tee blocks and their retainers were hand-fitted for
precise alignment. The entire system was also given a final pre-
cise alignment after assembly by using a strain-gaged alignment
cell. Alignment was achieved by adjusting the head frame and
retainer plates.

To illustrate the effect of column alignment, high-speed motion
pictures were made of both an aligned and an intentionally mis-
aligned (7075-T6 aluminum alloy) specimen tested at 70°F. Figure 9
shows the effect of misalignment. Column buckling is clearly
shown under compressive load; this column buckling is shown to



Fig. 8 View of Cryostat and Mounting Hardware



|

Compression Tension

(a) Views before Failure (two complete cycles)

(b) Views at Failure (adjacent frames)

Fig. 9 Frames from High-Speed Motion Pictures of Misaligned
7075-T6 Aluminum Alloy Fatigue Test
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cause failure. A properly aligned 7075-T6 specimen was tested

at three stress levels (20,000, 63,000, and 75,000 psi). The
latter stress level was above the yield strength for this material.
Figure 10 shows no evidence of column buckling under compressive
loads. Failure occurred in the tension portion of the cycle.




(b) Views at Failure (adjacent frames)

Fig. 10 Frames from High-Speed Motion Picture of Properly
Aligned 7075-T6 Aluminum Alloy Fatigue Test

21
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C. AUTOMATION

The systems used for both -320 and -423°F operation were con-
structed so that testing could be performed automatically, with only
periodic monitoring required. Automatic level sensor/fill con-
trollers were constructed for each system. These sensors use a
Martin-developed circuit that incorporates a small-diameter plat-
inum wire (0.0005-in.) approximately 3/8-in. long as the sensing
element. A sharp resistance change of the heated platinum wire
occurs as the element is cycled from the liquid to the vapor
phases. A transistorized relay-control circuit is used to detect
L, the resistance changes of the wire. Point sensors located approx-
imately 2 in, apart in the cryostat are used to maintain liquid
level between the sensors. Fill is automatic through a solenoid-
operated valve that permits liquid £ill until the upper sensor is
immersed. Fill is then discontinued until the lower sensor be-
comes exposed because of boiloff. The fill process is then re-

peated. Tests at -320°F (LNZ) for 46 hr (5.00 X 106 cycles) and
] at -423°F (LHZ) for 14 hr (1.50 X 106 cycles) have been routinely

conducted using these automated systems. Figures 11 and 12 show
the liquid nitrogen and liquid hydrogen controllers, respectively.

For safety, a thermistor in the lid of the liquid hydrogen
cryostat serves as an overfill sensor. In case of overfill, the
fill valve closes, and the fatigue machine is stopped. This action
also occurs if the facility power fails.

For additional safety, the control panel includes remote con-

- trols to start and stop the fatigue machine. It is therefore un-
necessary for the operator to enter the test cell after the cryostat
is installed in the fatigue machine. An intercom system provides
audible monitoring of the test, both in the control room and at
various laboratory locations.

A schematic diagram for the liquid hydrogen flow system is
given in Fig. 13. A self-pressurizing, 1000-£, mobile storage
Dewar is used to provide liquid hydrogen. Fill is controlled by
a Martin-designed and -constructed cryogenic valve, which is operated
by a solenoid-gas actuator combination. All liquid transfer lines
are vacuum-insulated. Nitrogen and helium gas are supplied to the
system to sweep-purge the cryostat, fill line, and vent system.
The entire system is normally purged for 5 min before filling. The
vent system has been designed to permit hydrogen testing under all
weather conditions. The necessity for this approach results from
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Fig. 11 Liquid Nitrogen Fill Controller

LIQUID HYDROGEN .CONTROLLER

Fig. 12 Liquid Hydrogen Fill Controller
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Fig. 13 Schematic Diagram of Liquid Hydrogen Flow System




a potential gradient to ground that is developed through the
atmosphere during certain weather conditions. This potential is
often sufficient to ignite a hydrogen-oxygen mixture at the vent
stack outlet. The vent system includes a water valve to preclude
ignition back to the cryostat and possible explosion. The water
valve consists of a 30-gal. drum containing a bell jar. The inlet
to the bell jar is below liquid level; the outlet above. A goose-
neck trap is used to prevent water from backing into the vent.

D. FACILITY

To perform the liquid hydrogen testing in a safe location, it
was necessary to move an SF 10 U fatigue-testing machine from the
Denver Materials Engineering Laboratory to the Denver Hydrogen
Research Laboratory, where liquid hydrogen can be handled safely.
It was necessary to construct a test cell for this machine. A
concrete slab base, 12x14 ft, and blowout-type test room were pre-
pared, the latter adjcining the existing tensile test cell. It
is constructed of welded steel, with a heavy plate blast wall
separating the two cells and a similar blast wall between the cell
and Dewar parking area. The remaining two sides are covered with
fiberglas attached to the frames with screws so that the wall can
readily blow out in the event of an explosion. A sketch (A) and
a photograph (B) of the liquid hydrogen fatigue-testing facility
are shown in Fig. 14.

The liquid nitrogen facility is shown in Fig. 15.

25



(a)

FLIMMARLE B
LIQUEFIED HYBROGEN

Fig. 1 iqui
g 4 Liquid Hydrogen Fatigue-Testing Facility




27

£31110o8g Suryssr-ondrieg us30alIN PInNbIT GT

‘314




28

E. PERFORMANCE

Thermal performance of the cryostat and system has been very
satisfactory. Original calculations indicated a liquid hydrogen
boiloff rate of 3.5 £ per test hour for the cryostat alone, using
a liquid nitrogen-filled outer jacket to minimize hydrogen loss.
In actual practice, the liquid nitrogen fill was discontinued
since the total system boiloff of the cryostat, 7 ft of transfer
line, six coupling joints, a liquid shutoff valve, and a storage
Dewar outlet system averaged only 7 £/hr.

Although the fill controllers performed very satisfactorily
for many months, frequent failures of the platinum elements and
the transistors occurred during the latter months of this program,
causing considerable loss of time. As a last resort, a bread-
board circuit with thermistors was prepared to provide control
for the remaining liquid nitrogen tests. It is planned to con-
struct new controllers for both liquid nitrogen and liquid hydro-
gen testing during the second year of the program.

The performance of the fatigue machines was surprisingly poor.
Numerous failures in the balance meter circuit and static load
controller resulted in a significant loss of testing time. New
equipment has been obtained to replace the defective components.




V. TEST PROCEDURE

Specimens were tested at three temperatures: 70, -320, and
-423°F. Cryogenic temperatures were achieved by constant-
temperature liquid baths: 1liquid nitrogen for -320°F and liquid

n faor -4L27°T
IOoT G458,

A. TENSION

Parent metal aluminum specimens were tested at constant test
machine platen speed corresponding to an approximate strain rate
of 0.010 in./in./min in the elastic range. After the specimen
yielded, platen speed was increased tenfold. Welded specimens
were tested to failure at a constant platen speed equivalent to
0.010 in./in./min. Titanium specimens were similarly evaluated
except that the test speed was one half that used for aluminum
specimens.

The equipment and techniques used for tensile evaluation are

similar to those described in the 1iterature.l’2 Type AB-3 Bake-
lite resistance strain gages bonded with EPY 400 cement were used
for strain measurement on tensile specimens. Specimens were
single-gaged except for one specimen of each type that was double-
gaged for modulus determination. To establish accurate modulus
data, the specimen was strained in the elastic range at least three
times. The same specimen was used at each of the three temper-
atures. Strain gages were calibrated using a tapered cantilever
beam device to indicate strain sensitivity (or gage factor) at
each temperature so that modulus data could be properly converted
to correct for temperature effects.

B. FATIGUE

Specimens for fatigue-testing were hand-polished on their
edges to remove all evidence of machining marks. All specimens
were prepared with the as-received surfaces intact. Afterwards,
the specimens were carefully measured and then installed in the
cryostat. The cryostat was inserted into the fatigue machine
and the entire unit flushed with inert gas for a minimum of 5
min before the liquid hydrogen fill process. After testing, the
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cryostat was thoroughly flushed with warmed nitrogen gas before
opening.

Except for the cryogenic aspects, testing was performed in a
routine manner. To obtain extra data at liquid hydrogen tempera-
ture, some of the discontinued specimens were re-run at high
stresses to produce low cycle failures. Results obtained from
re-run specimens compared favorably with data obtained from pre-
viously untested specimens.




31

VI. EXPERIMENTAL RESULTS

Tension-testing at all temperatures and liquid hydrogen fatigue-
testing were performed at the Denver facility. Fatigue-testing
at room and at liquid nitrogen temperatures was performed at the
Baltimore division.

A. TENSION TESTS

Tension tests were performed at 70, -320, and -423°F to pro-
vide data on:

Ultimate strength;
Yield strength;
Elongation;

Modulus of elasticity.

Triplicate tests were performed for each condition. Results
of these tests are shown graphically in Fig. 16 thru 23. Detailed
test data are given in Appendix B, Tables B-I thru B-VIII.

B. FATIGUE TESTS

Fatigue tests were performed to provide S/N curves at 70,
-320, and -423°F. A stress ratio (R) of -1 was used for all alu-
minum specimens. The titanium specimens were not sufficiently
flat to permit fully reversed stressing and were tested under
tension/tension loading at a stress ratio of 0.0l. Based on the
brittle behavior of the Ti-13V-11Cr-3Al in the tension tests it
was assumed that it might not be possible to fatigue test the
beta titanium alloy satisfactorily at cryogenic temperatures.
Therefore, the welded panels of this alloy were not machined into
specimen form. Evaluation of the parent metal fatigue specimens
showed that data could be generated. Unfortunately, time did
not permit machining and testing of the welded specimens during
the contract period. This portion of the work will be completed
during the second year's effort.

Fatigue test results are illustrated in Fig. 24 thru 36.
Detailed tabular presentations of these data are given in Appendix
C, Tables C-I thru C-XIII.




32

110

100

90

80

Stress, ksi

70

10 -

Elongation, %

T

Ultimate S

trength

Vi

0 <

trengt

~
ield b\

\

-

50

Temperature, °F

\\ \
hoW O
Weld T ——
\\\\\\K\\(]; Strengt§;7 ~§--"“—--{D—
~\\~\~
SN Elongat10n17
T
\@\ 4
\J\
e
\
-400 -300 -200 ~-100 0 100

Fig, 16 Tensile Properties of 2014-T6 Aluminum Alloy at Cryogenic Temperatures




110

3)/

100

v

90 \\\
\ Ultimate
80 Strength™ /

o

o 70 P~

0 N Weld T~

g \?:L\\\\‘\\\\ Strength -\“-.%:)-
) NG \\{1\ ’

\\@\\ K Yield
Strength
15 60 ~ /
B oW S

52 “‘G}- \\‘\\‘\;\\\~ -“-‘~(jb~
g Z Elongation \-\_ \

3 F—

10—-4& 50 S~

& O~
s

0

—

=

5L 40
-400 -300 -200 -100 0 100

Temperature, °F

Fig. 17 Tensile Properties of 2219-T87 Aluminum Alloy at Cryogenic Temperatures




34

15

10

Stress, ksi

]

Elongation, %

90

80 Aﬁig‘
-
70 \\
\\\\\\ Ultimate
Weld Strength
Strength J \\\ 7
6 - \~\~\~\\\!<i
50 Py \ : RO
\\
L ——0— |
Elongation
40
Yield
Strength
30
-400 -300 -200 -100 0 100
Temperature, °F

Fig. 18 Tensile Properties of 5456-H343 Aluminum Alloy at Cryogenic Temperatures




35

120

110 \

100 |4 N

x& \)\ Ultimate Strength
90 \

/ T~

/

\
—

.a{ \
" 80 —
- [ ——
\ O

% l Yield Strength
v
34
w1

15— 70

10~ 60 ‘\
g N\
: El ti :
"5 ‘G}_g ongation —‘O—_
&0
g
o
-

5 (—M| 50

oL

40 -400 -300 -200 -100 0 100

Temperature, °F

Fig. 19 Tensile Properties of 2020-T6 Aluminum Alloy at Cryogenic Temperatures




36

110

100

\X
, \\ Ultimate Strength
o0 [

O o Yield Strength-l \L\
80 \

~

E ]
.Y \
: o™
g 70
L)
]
15 60
Elongation7
, o '
10 —.< 50
5
0
o
49
w
0
=
S
53 10
oL 30
-400 -300 -200 -100 0 100
Temperature, °F .

Fig. 20 Tensile Properties of 7075-T6 Aluminum Alloy at Cryogenic Temperatures




37

. 250

225

IR

I -
Q /QX}

/— Ultimate Strength

175 Q\\
N
N

.~ Weld Strength

Stress, ksi

Y a

20 r 150 ¥

. / \k\
/ N

P 125 Elongation / \\
/ Yield Strength -4 \

/)]
FF |7

[

Elongation, %

[

(=]

o
\

10

[
J

-400 -300 -200 -100 0 100

Temperature, °F

‘ Fig. 21 Tensile Properties of 5A1-2.5Sn Titanium Alloy at Cryogenic Temperatures




38

300

i\
'\

250 \

N

AN

= .
2 225 NN,
- \\ Ultimate Strength
1]
§ / \ N
s Yield Strength
20 - 200 k \
\ N
Weld Strength \
<
15 175 \
2 / x \k‘
: — N
o Elongation .
e
10 & 150 \Q
g /f
—
a /|
5t 125
oL 100
-400 -300 -200 -100 0 100

Temperature, °F

Fig. 22 Tensile Properties of 6A1-4V Titanium Alloy at Cryogenic Temperatures ’




39

225
Ultimate Strength \
\.
a0l . / \V\
yAVAV; /\J —_— < N~
— - .J\
T~
_/ o
Yield Strength O~
175
@
2 150
o
//

3\
\
)

15~ 125
// \—Weld Strength

10| »¢ 100 /

a" /

o]

!

I _

2 ? Elongation

S — |
Skm 75

///
ol e |
0 700 00 2200 ~100 0 100

Temperature, °F

Fig. 23 Tensile Properties of 13V-11Cr-3Al1 Titanium Alloy at Cryogenic Temperétures




40

KLo11y wnutwniy 9L-#107 1e39W 3usaed jo satjiadoag endr3ed 4 "814

go1o£> ‘o317 oandT13ed

hoH ooH moH qu moH Noﬂ
| T T 1 T T T LI T T T T T T T T 01
lj o
w/G *SSOWYOTYI "UI-00T'0 ‘1- = ¥ ‘peOT TEIXY auoi
0¢
I.czy- [
- — <O— < o 00 a,02e- &
A q,0L ®
o =
d o€
1\Aﬂ// :pualer] m
g
§
[
m
d,0C€- 2
2 < \JO oh m
=]
it o
[ad
—_——— — — H
1,01 -
Y o
1 = O—RL e e os &
a.

4,529 S~ N

09
J/G/_u

0L

08




41

KOT1V wnuIWNY /8I-612¢ T8I9W Juaied Jo sarizadoag andried ¢z 814

sa124o ‘2317 an813BJg

01 01 moH qu moa NoH
I I ! T T T T T LI L I
*SSaWOTIYI "uI-00I'0 ‘1- = ¥ ‘prOI 1EIXV "muomg
d.ezv- O
1,06~ O
d,0L ©]
N, Fal
7
\ :puadal
N\
%000
<P
d,0L
4,02€- /Avf
///I//r AIIMNIIIII
y A////I/IIINMVIIII AV
/

do,ECh-

01

0¢

ot

oy

0s

09

0L

. 08

1SY €SS2131§ UOTSUI] WNUIXEW




A011V wnmutun1y €4€H-95HS TBISN Iusied Jo sarzradoag anSried 9z ‘814

sa1o4> “a317 °9n813e4g

¢0a

01

o1

T I !

/ _.mmmaxzﬁ ‘ut-001'0 1~ = ¥ ‘peof TBIXY :330N
AT
A,6TH- )
— — —O—— (o) d,0z6- O
EN
DN oo o
N /s/ N \J A\
:pueBa
d,0Z¢- o) o
-y
a,£29-

01

0¢

o€

oy

0s

09

0L

42

08

=
I3)
»
B
m
=]
©
3
n
e
o)
3
%
I
2]
o
w
7]
-
/]
e




43

£OT1Y wnutuniy 91-0z0Z TB3I9W Jusied Jo so1rzadoag an8ried [z °"B1d

sa1ofo ‘2317 on813ea

oOa moH qu mOa

T T T T T I T 1 I T LI I T

[ -ssawitys ur-060'0 f1- = ¥ ‘peol TETXY 1a30N |

F—————0—0] A Leer- O

/ a.0ze- O
4,0L

PN PAVAY &'~ ©

~ Vv

tpuedeq

©
o

/

A
$
3

At

/

TISY ‘SS913§ UOTSUI], WNWIXBW




44

£o11V wnutUMTY 9I-G/0/ 1BI9W Judird Jo satjiadoig

so1o4o ‘9317 °nd1aed

an813ed @7 ‘914

01 ot
01 oOa moﬂ ¢oﬁ €
T 1 I T T T T 1 T T T T T ! T I
‘@ 3 *SSaUNOTIYI "UI-00T°0 ‘1- = ¥ ‘PEOT TRIXY "wuom_
> &
e / Z.gzy- O
d,0z6- &
-d,0L ®
o > ®
N 1puade]
L e —— 4,0L
\ o]
Jq -
0]
na
< 1,02¢-
.moM.N._Nl
VJ a /)
L=} [ ==

/

01

o¢

0€

oy

0s

09

0L

08

IS} “SS313§ UOTISUST WNWIXEBR




45

£o11V wnutunly 9I1-#107 PPPIaM Jo saT3iadoig oan8raed 6z °S1d

saT24d ‘o311 and13eg

"SSOWOTYI 'UT-QQT'0 f1- = ¥ ‘pEOT TBIXV :330N

<1‘/T ‘/\

1,01 0
o 0 0 :puafa

(T T | NP

1
)

a mmq-l\\\\\

ISY ‘sS3aI3§ UOTSUI] UMWIXENR

1)




46

£o11v wnuywn1y /8I-617Z P9P1aM Jo sarizadoirg sanSiied of 814

897040 ‘2317 on813ed

01 01
01 01 0T Y ¢ A
¢ ° T ] T | T T T I T T T
'SSAWITYI "UT-00T'0 ‘1I- = ¥ ‘PEOT IBIXY :930N
i 01
.momN._Nl D
I,0ze- O
4004 (0] 0z
1,0L :puadaT
© /O o¢
/
oy
J/Fhf
Ln O\
0s
09

IS} $$§8131§ UOTSUSL wnWIXEK




47

Lo11V wnutuniy ¢HEH-9GHG PapIam Jo sariaadoag andried 1¢ -S1d

$9124> ‘ajy1T an8T13eg

o1 401 <01 0T (01 So
| N T T T I T [ E— T | I —
'$SOUNOTYI "UT-Q0T 0 ‘I- = ¥ ‘peoT [BIXY :330N
S S e — © } 0T
— AAVI.IIAY/Ar d.€Th- ]
0]0) 1,0L
.mﬂlrf d,0C€- o
) o
777 d,
2% ZLa,0z¢- . pus%eT
LA ° P
AL S A
m%ﬁ?ﬁ/j - //\1} 0¢
g J ~7
- /f
& oY
0
09

18 ‘SS213S UOTSUIL WNWIXENR



48

£011Y UNTUEITL UGG Z-TVS TRISH Iusieg pafesuuy Jo satazedoig onSried z¢ 914

SaT24o ‘8317 anSr13eg

01 40T o1 ;01 (0T owm

1 i 1 i

T I I — ] . m— T . m— _
D—a "SSIWRTYI ‘UT-001°0 $10°0 = ¥ ‘PROT TBIXV :5I0R
/ 1.€2%- @

/ d.0ze- O
o o o LOL O 001

:puaBar

o] 0]
. v/ Pa ¥ Py
P G2l
O O I\
2,04
ﬂ ON—TCK 0S1
O 0 202
moowm/ R
> . L1
/ S 4
d,E€CH-
B 002
T

szc

§5913§ uot SusJ, wnWIXen

18y




49

A%-1V9 1®3I3K judied pal3y pue pajeall-uoIanio§ jo sarjaadoag andr3ieqd ¢g 314

sa104o ‘8317 ond13el

£o11V wuntuelTy

01 401 (01 ;01 c01 20T ]
| p— T T T | T | — T °
|Mn|®W o) "SSAUNITYI ‘UT-00T'0 ‘10°0 = ¥ ‘peoy IBTXY :33I0N
I/
. st
2,00 ° J I.£v- 0O
104 1,026 O
N A DR 2.0L o 001
NW\\ONM :pusfa
- N (YA
— T h ’ D
€
A,6T- o
A\ O
NSRS 0s1
0] /
—= 4 N /1
I'AHV.mm”H AVHM/ AV i
3
00z
sze

ISy €S$$21318 UOTSUIJ WNWTXEY



50

IVE-IDTTI-ACT TP3I9W Fuaied paldy pue pajedajiuoiiniog Jo sariaadoag andried #H¢ 814

s9124> ‘83171 an813ed

A0TTV umTuBlL],

01 401 01 01 mﬁ_: 01 <
1 @_ 1 A | | ] ] ] | — i I | |
e mo0
*SSOUMOTYI "UT-Q0T1°0 ‘10°0 = ¥ ‘peol TBIXY :330N
4,0L _

Bt 1.€29- 0
B v - v 1001

—C, 4,02€- S

: a,0L
QN Av/Av/ o >
0QO :pusBar
o> Q \l h—5 szt
& 1 czn
,02€- & o€27
o}
,/ 0S1
N
= @

/I./ O / /\V / GLT
007
(YA

ISy ¢ssa13§ UOTSUI], WNWIXENR




51

AoTTV WNTUE3lTL USG'Z-TVS POpIaM ‘pafesuuy jo sariaedoig andties ¢ 314

$31242 ‘8317 an813ej]

01 §0T (O o1 o1 01
T T T T
"SSOWIPTYI "UT-00T°0 10°0 = ¥ ‘PO TBIXY 330K
—d.£29-
. o a.£29- @
1,026- &
2,04 o
{puaBe]

s¢

0s

SL

001

1 TA

<>

061

LT

00¢

$S313§ UOTSUS] UNWIXENR

<

83



52

£01TV untueltl A-1v9 papiaM pady pue pezesif-uoriniog Jo ssr3iadoig sndryed g9¢ 814

§9104> ‘23171 an313ed

o1 01
01 g0l Ot 01 ¢ 2
I T T T T I I t T I T T T
0S
"SSOWNDTYI "UT-Q0T 0 ‘10°0 = ¥ ‘pEOT IBIXY :330N
St
d,E€CH- D
d,02€- 03
a,0L © | oot
:pusBe
Szl
o
0$ 1
[
002

Is) “ss313§ uoIsua] UNUWIXel




VII, DISCUSSION OF RESULTS

Test results for the aluminum and titanium alloys are dis-
cussed in this chapter.

A, ALUMINUM ALLOYS

Of the five aluminum compositions employed in this study,
three are being used or have been considered for cryogenic serv-
ice. These alloys are 2014, 2219, and 5456. The other two com-
positions, 2020 and 7075, have not been contenders for cryogenic
service primarily because they are nonweldable grades. 1In addi-
tion, the 7075 is known to exhibit poor toughness characteristics
at cryogenic temperatures. However, these latter compositions
were included in the study for comparative purposes.

l. Tension Properties

The mechanical properties of the 2014-T6 and 2219-T87 alloys
(Fig. 16 and 17, respectively) are very similar and in substan-

>

tial agreement with the data of others. These alloys are char-
acterized by a greater temperature dependence of strength from
-320 to -423°F than from 70 to -320°F. Yield and weld strengths
show a relatively constant rate of increase with decreasing tem-
perature. Elognation increases approximately 50% from 70 to
-423°F. The principal difference in properties of these alloys

is the significantly lower yield strength in the 2219-T87 alloy.

The 5456-H343 alloy (Fig. 18) exhibits approximately 20% lower
ultimate strength than the 2014-2219 alloys. The ratio of yield/
ultimate strength is rather low. Elongation is relatively inde-
pendent of temperature. At 70 to -320°F, weld strength increases,
but then decreases with further temperature reduction. This de-
crease in weld strength and flat ductility curve is suggestive of
loss of toughness at low temperatures. The results of other stud-
ies (Ref 3 and 5) have shown lower toughness for this alloy at
-423°F than for the 2000 series alloys.

The 2020-T6 alloy (Fig. 19) shows very high strength proper-
ties. Room temperature ultimate strength is equal to the strength
of 5456-H343 at -423°F. Although this composition is expected to
exhibit poor toughness at cryogenic temperatures, the limited eval-
uation performed is not sufficient to detect such behavior. Ten-
sile ductility increases to approximately 107% at -423°F.
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The 7075-T6 material (Fig. 20) shows evidence of the onset of
brittle action at -423°F. Ultimate and yield strengths flatten
out between -320 and -423°F. Elongation is relatively independent
of temperature. Although no notch tests were performed in this
study, data obtained by Christian and Watson (Ref 6) show a sig-
nificant loss of toughness for this alloy at low temperatures.

Modulus data for the five alloys are given in Fig. 37. Room-
temperature results are slightly lower but agree within 2% with
data obtained from the Aluminum Association and from producers.
Published data are compared with the experimental data below:

Modulus of Elasticity, 106 psi

Alloy Experimental Published
2014-T6 10.6 10.6
2219-T87 10.5 10.6
5456-H343 10.2 10.3
2020-T6 11.1 11.3
7075-T6 10.2 10.4

The highest modulus material is the 2020 composition. When
introduced, this composition was reported to exhibit a 10% im-
provement over existing alloys. However, subsequent study showed
it to be approximately 5%. Nevertheless, this level is still
higher than almost all other aluminum alloys.

There is insufficient reliable data in the literature to con-
firm the cryogenic modulus data.

2. Fatigue Properties

Fatigue data for the aluminum alloys are presented in the
following figures and tables.

Material Figure Table
2014-T6 Parent Metal 24 C-1
2219-T87 Parent Metal 25 C-1I1
5456-H343 Parent Metal 26 C-1III
2020-T6 Parent Metal 27 Cc-1Vv
7075-T6 Parent Metal 28 c-v
2014-T6 Welded 29 Cc-V1i
2219-T87 Welded 30 C-VII
5456-H343 Welded 31 C-VIII
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S/N (stress vs number of cycles to failure) curves for all
materials were generally good. Reproducibility of fatigue life
for multiple tests performed at a constant stress level was sur-
prisingly good considering the alignment problems and sheet gages

evaluated. 1In several cases, the tests performed in the 106 cy-

cle range were at a stress sufficiently lower than the 105 cycle
tests so that the endurance limit stress could not be selected
with great accuracy. In these few cases, the spread for the en-
durance limit is presented. However, the spread does not exceed
5000 psi. 1In only one case were the data difficult to interpret.
This was in the case of the 2219-T87 parent metal at -320°F.
These data are discussed in detail later in this section.

The parent metal S/N curves for 2014-T6 and 5456-H343 were
similar except for lower short-time strength properties for the
latter alloy. In both cases the 70 and -423°F curves were flat-
ter than the -320°F curve, which showed a slight knee. Endurance
limit values are given in Table V.

Table V Endurance Limits for Aluminum Alloys

Endurance Limit, ksi
Temperature,
Alloy °F Parent Metal Welded
2014-16 70 15 10
-320 25 10 to 15
-423 45 18
2219-187 70 20 10
-320 15 to 25 12
-423 40 22
5456-H343 70 15 10
-320 25 12
-423 40 18 to 23
2020-Tb6 70 18
-320 22
-423 40
7075-T6 70 12
-320 20
~423 35

The behavior of the 2219-T87 parent metal was similar to that
of the former alloys except that the liquid nitrogen curve ap-
pears to be flatter in the low cycle range. The endurance limit
portion of the curve is presented as a spread band that crosses
the room temperature curve. Conflicting data points require that
this technique be used. Although the upper line of the band gives
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the expected behavior, the data points at 15,000 psi cannot be
ignored. The duplicate tests performed at 25,000 psi produced
failures through the pinholes. No reason for this type of fail-
ure is apparent.

The nonweldable alloys, 2020-T6 and 7075-T6, exhibited steeper
S/N curves than the weldable grades. The 2020-T6 curve at 70°F
flattened out after a relatively short number of cycles. The

7075-T6 composition showed a very low room temperature endurance
limit. The liquid hydrogen curve was quite steep.

Fracture surfaces of the parent metal fatigue specimens showed
typical transgranular fatigue failures, and the 5456-H343 and
7075-T6 specimens showed a laminated appearance. This behavior
is typical for the strain hardened 5456 alloy even in static ten-
sion failures, but is not observed for the 7075 composition in
tension.

Fatigue curves for the three welded alloys exhibited very
similar shape and strength properties. Endurance limit values
varied little.

A review of techniques proposed for curve fitting suggested
that insufficient data were available for use with these methods.

In an attempt to compare data obtained for the various alloys,
the fatigue properties were reduced to ratios of fatigue strength/
tensile strength and fatigue strength/yield strength. This ap-
proach permits a comparison of behavior under dynamic conditions
with that under static conditions. Table VI presents the data

5 6
for fatigue strength properties at 104, 107, and 10" cycles and

for the endurance limit compared to tensile properties. Table
VII gives a similar comparison for yield data. Figures 38 and

39 present graphically these comparisons at the three test tem-
peratures for the endurance limit condition. The data clearly
show the poor behavior of 7075-T6 at all temperatures. The 2020-
T6 is similarly lower than the remaining alloys. The three re-
maining alloys (parent metal condition) are similar at 70°F, with
2219 exhibiting slightly higher properties. At the cryogenic
temperatures, 5456-H343 shows the highest dynamic/static strength
ratio. A comparison of the weld properties shows very similar
results for the three alloys at room temperature. At cryogenic
temperatures, the 5456 appears to be superior. The results of
this analysis can be compared with notch toughness properties to
determine whether any trends become apparent. Table VIII compares
the fatigue strength to tensile and yield strength ratios with
the notch/unnotch strength ratio at various temperatures. The
table shows that the 5456-H343 alloy that exhibits an outstanding
fatigue strength ratio is rather poor in notch toughness and that
the 7075-T6 alloy is poor in both categories.
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Table VIII Comparison of Fatigue Strength Ratios with Notch Strength
Ratios for Aluminum Alloys

Temperature, Fatigue/Yield Fatigue/Ultimate Notch/Unnotch
Alloy °F Ratio Ratio Ratio*
2014-T6 70 0.22 0.21 1.06
(Ref 4) -320 0.32 0.29 0.92
~423 0.54 0.49 0.84
2219-T87 70 0.36 0.30 0.99
(Ref 3) -320 0.22 to 0.37 0.18 to 0.29 0.97
-423 0.57 0.40 0.92
5456-H343 70 0.34 0.26 0.92
(Ref 3) -320 0.49 0.35 0.68
-423 0.74 0.49 0.66
7075-T6 70 0.16 0.15 1.02
(Ref 6) -320 0.23 0.20 0.78
-423 0.40 0.30 0.73

*Kt = 7.3 to 8.0.
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The results of two tests performed under tension/tension load-
ing show the effect of stress ratio on fatigue properties. Al-
though insufficient data are presented for a quantitative analysis
of the effect, the marked increase in life is apparent. Figure
40 compares 2219-T87 parent metal and 2014-T6 welded properties
tested at R = -1 with points obtained for R = 0 at -423°F.

70

-423°F

60
R=0

Rs= -1 \.\
2219-T87

50 Parent Metal

R=10

2014-T6 Welded

b
+

w
S

Maximum Tension Stress, ksi

20 J

P — — — —

10

10° 10° 10 ’ 10° 10° 107

Fatigue Life, Cycles

Fig. 40 Effect of Stress Ratio on the Fatigue Properties of
Two Aluminum Alloys at -423°F

B. TITANIUM ALLOYS

The titanium alloys evaluated in this program represent each
system used commercially: (a) alpha; (b) beta, and (c) alpha-
beta. The Ti-5A1-2.5Sn crystallizes in the hexagonal-close-packed
structure (alpha) and is characterized by good retention of prop-
erties down to very low temperatures. The Ti-13V-11Cr-3Al alloy
is a beta type crystallizing in the body-centered-cubic structure.
Body-centered-cubic materials are typified by ductile-brittle tran-
sition behavior and consequently are not suited for cryogenic
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service. The Ti-6Al-4V alloy represents the alpha-beta type and
combines hexagonal and body-centered-cubic phases. Due to the
relatively low percentage of beta phase in this particular com-
position, toughness and ductility can be retained to moderately
low temperatures. However, below -320°F there is a marked de-
crease in mechanical properties. Hence, alpha alloys, such as
Ti-5A1-2.5Sn, are clearly the best titanium selection for most
applications down to -423°F. '

1. Tension Properties

The mechanical properties of the Ti-5A1-2.5Sn alloy are shown
in Fig. 21. Strength properties increase almost 100% from 70 to
-423°F. Weld joint efficiency is very close to 100%. Elongation
increases slightly from room temperature to -320°F, but decreases
sharply to 1.8% at -423°F. This behavior would be expected for
normal interstitial Ti-5A1-2.5Sn but not for low-interstitial grade.
A study of the chemical analysis shows both iron and interstitial
elements to be quite low. No explanation for this unusual behavior
can be found. Plotting the interstitial content of this material
with the data previously reported by Schwartzberg and Keys (Ref 7)
on interstitial effects in Ti-5A1-2.5Sn shows that the ultimate
strength falls slightly above the curve (Fig. 41). Data of Espey
et al. (Ref 8) and Christian (Ref 9) at higher oxygen equivalent
contents showed satisfactory ductility.

The behavior of the solution-treated and aged Ti-6A1-4V alloy
is shown in Figure 22. Strength increased from 165,000 psi at 70°F
to almost 300,000 psi at -423°F. As expected for this composition
in the fully heat-treated condition, ductility decreased continu-
ously below room temperature. Weld joint efficiency was very good.

Figure 23 presents tensile data for the Ti-13V-11Cr-3Al alloy.
As expected, brittle behavior was observed below room temperature.
At room temperature, a strength level of 200,000 psi was achieved
while maintaining 6.5% elongation. At -320°F, brittle failures
occurred through the pinholes or specimen fillet. No attempt was
made to test specimens at -423°F.

Modulus data obtained at 70, -110, and -320°F are presented in
Fig. 42. Data obtained at -423°F were not satisfactory and are not
presented.
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2. Fatigue Properties

Fatigue data for the following titanium alloys are presented
in the figures and tables tabulated below.

Material Figure Table
Ti-5A1-2.5Sn, Parent Metal 32 C-1X
Ti-6A1-4V, Parent Metal 33 c-X
Ti-13V-11Cr-3Al1, Parent Metal 34 C-XI
Ti-5A1-2.58n, Welded 35 C-XI1
Ti-6A1-4V, Welded 36 C-XIII

The parent metal curves for the titanium alloys are character-
ized by a general sharp transition from high strength to the level

of the endurance limit and rather flat behavior above 105 cycles.

The aluminum alloy curves do not flatten out until 106 cycles are
reached.

The Ti-5A1-2.5Sn alloy exhibits a wide variation in low cycle
fatigue strength as a function of temperature. However, at the
endurance limit the cryogenic properties at -320 and -423°F do
not differ widely. Endurance limit stresses for the three tem-
peratures shown are listed in Table IX.

Table IX Endurance Limits for Titanium Alloys

Endurance Limit, ksi
Temperature,
Alloy °F Parent Metal Welded
Ti-5A1-2.5Sn 70 70 70
-320 120 80
=423 128 60
Ti-6A1-4V 70 70 85
-320 95 85
-423 130 80
Ti-13V-11Cr-3Al 70 80
-320 90
-423 105

For the Ti-6Al1-4V alloy there is a smaller difference in
strength properties at the low cycle end of the curve than for
the Ti-5A1-2.5Sn. However, at cryogenic temperatures a wider
spread between -320 and -423°F endurance limits is observed. En-
durance limit data are given in Table VIII. The behavior of the
Ti-13V-11Cr-3Al alloy is unusual. At the low cycle portion of

G

-~
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the curve, strength properties are shown to decrease with de-
creasing temperature, contrary to the normal behavior. However,
the 70°F curve is quite steep and crosses the cryogenic S/N curves.
The -423°F curve decreases sharply initially and then levels off
to give the highest endurance limit for the three temperatures.
The -320°F results show a more gradual decrease with reduction in
temperature, Endurance limit values are given in Table IX.

Evaluation of welded Ti-5A1-2.58n and Ti-6A1-4V showed that
the -423°F endurance limit was lower than that obtained at 70 and
-320°F. In the Ti-5A1.2.5Sn material, the 70°F endurance limit
lies between the -320°F and -423°F results. The Ti-6A1-4V alloy
exhibited identical endurance limits at 70 and -320°F, only
slightly above the -423°F result.

Presentation of test results in terms of fatigue strength/
tensile and yield strength ratios are presented in Tables X and
XI and in Fig. 43 and 44, respectively.

The results clearly show the excellent behavior of the
Ti-5A1-2.5Sn alloy in the parent metal condition. In the welded
condition, the Ti-5A1-2.55n and Ti-6A1-4V show similar behavior.
The fatigue strength ratios obtained for titanium alloys are sig-
nificantly higher than those obtained for aluminum alloys.
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VIII. CONCLUSIONS

This program has demonstrated that tension/compression fatigue
properties could be obtained under axial loading for flat sheet
materials at temperatures down to -423°F. Furthermore, it has
been demonstrated that tests at liquid hydrogen temperature could
be performed for long periods with automatic f£ill control.

The data generated for aluminum alloys show that the three
weldable grades 2014-T6, 2219-T87, and 5456-H343 behave satis-
factorily under cyclic loads down to -423°F. The 5456 grade ex-
hibits the highest properties of all of the aluminum alloys on a
basis of fatigue strength/tensile strength ratio. The 2020-T6
and 7075-T6 alloys show poorer fatigue properties. The welded
fatigue properties of the three weldable grades were similar.

The titanium alloys Ti-5A1-2.5Sn and Ti-6Al-4V show superior
fatigue behavior at cryogenic temperatures compared to the beta
alloy, Ti-13V-11Cr-3Al1. On the basis of fatigue strength ratio,
parent metal Ti-5A1-2.58Sn is clearly superior to the Ti-6Al-4V.
Welded material also showed the superiority of Ti-5A1-2.5Sn on
the basis of fatigue strength ratio.

The fatigue strength ratios of the titanium alloys exceeded
those obtained for aluminum alloys.
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APPENDIX G

FATIGUE DATA



Table C-I Fatigue Propertiesa of Parent Metal 2014-T6

Aluminum Alloy

Temperature, Maximum Tension Number of Cycles
°F Stress, ksi to Failure
70 50.0 3.00 x 103
50.0 4.00 x 103
50.0 5.00 x 103
40.0 2.00 x 104
40.0 2.50 x 104
40.0 3.30 x 104
30.0 1.30 x lO5
30.0 1.57 x 105
30.0 3.95 x 105
25.0 1.26 x 105
25.0 1.76 x 105
25.0 5.63 x lO5
20.0 1.20 x lO7 (Disc)
20.0 1.19 x 107 (Disc)
17.5 6.62 x 10°
17.5 1.03 x 106
15.0 5.41 x 10°
15.0 1.28 x 106
15.0 7.00 x 106 (Disc)
15.0 8.59 x 106 (Disc)
-320 65.0 1.80 x 103
65.0 2.00 x 103
65.0 2.60 x 103
50.0 3.33 x 104
50.0 4.17 x lO4
50.0 6.96 x 104
40.0 8.89 x 104
40.0 9.50 x 104
40.0 1.10 x lO5
30.0 2.06 x 105




Cc-2

Table C-I (concl)

Temperature, Maximum Tension Number of Cycles
°F Stress, ksi to Failure
-320 30.0 2.58 x 105
30.0 2.73 x 105
25.0 1.07 x 106
25.0 2.54 x 106
25.0 5.02 x 106 (Disc)
-423 65.0 1.00 x 103
65.0 1.00 x 1b3b
65.0 8.00 x 10°
62.5 1.50 x 104
62.5 2.60 x 104
62.5 3.50 x 104
50.0 2.76 x 105
50.0 3.70 x 10°
50.0 4.17 x 105
45.0 1.22 x 106
45.0 1.12 x 106 (Disc)
45.0 1.00 x 106 (Disc)

®Axial load; R = -1.

bSpecimen préviously run at 45,000 psi for 1.12 x 106 cycles
without failure.




Table C-II Fatigue Propertiesa of Parent Metal 2219-T87

Aluminum Alloy

Temperature, Maximum Tension Number of Cycles
°F Stress, ksi to Failure
70 50.0 9.00 x 102
46.0 3.00 x 10°
46.0 3.00 x 103
46.0 4.00 x 10°
40.0 9.90 x 103
40.0 1.49 x 104
40.0 2.27 x 104
35.0 2.43 x 104
35.0 2.82 x 104
35.0 3.19 x 104
30.0 4.86 x 104
30.0 1.40 x 105
30.0 1.66 x 105
25.0 1.80 x 10°
25.0 3.08 x 105
25.0 6.76 x 10°
22.5 3.56 x 10°
22.5 9.52 x 105
22.5 3.40 x 106
20.0 4.45 x 10°
20.0 1.24 x 107 (Disc)
-320 55.0 6.00 x 102
55.0 1.70 x 103
55.0 1.90 x 103
35.0 4.51 x 104
35.0 6.46 x 104
35.0 8.02 x 104
35.0 1.16 x 105
30.0 1.01 x 105b
25.0 1.05 x 106




C-4

Table C-II (concl)

Temperature, Maximum Tension Number of Cycles
°F Stress, ksi to Failure
6b
-320 25.0 2.05 x 10
20.0 5.21 x 106 (Disc)
15.0 1.05 x 106
15.0 2.21 x 106
15.0 2.31 x 106
-423 62.5 1.50 x 103
62.5 3.00 x 102c
62.5 4.00 x 10
62.5 7.00 x 103
62.5 7.50 x 103
55.0 4.40 x 104
55.0 6.60 x 104
55.0 8.90 x 104
50.0 1.24 x 105
47.5 1.73 x 105
47.5 1.74 x 10°
47.5 3.05 x 105
40.0 7.95 x 10°
40.0 1.40 x 106 (Disc)
40.0 1.46 x 10° (Disc)

®Axial load; R = -1.
bFailed through pinholes.

CSpecimen previously run at 40,000 psi for 1.46 x 106 cycles
without failure.




Table C-III Fatigue Propertiesa of Parent Metal 5456-H343
Aluminum Alloy

Temperature, Maximum Tension Number of Cycles
°F Stress, ksi to Failure
70 40.0 1.50 x 10°
38.5 4.00 x 10°
38.5 5.00 x 10°
38.5 5.00 x 10°
35.0 8.00 x 10°
35.0 1.10 x 10°
35.0 1.40 x 10
30.0 2.83 x 10°
30.0 4.30 x 10%
30.0 5.25 x 10"
25.0 5.25 x 10"
20. 0 1.70 x 10°
20.0 4.59 x 10°
20.0 5.33 x 10°
15.0 1.00 x 10°
15.0 1.69 x 10°
15.0 4,96 x 106 (Disc)
-320 52.0 1.50 x 10°
52.0 4.50 x 10°
52.0 4.60 x 10°
50.0 9.10 x 10°
50.0 1.64 x 10°
50.0 1.65 x 10°
40.0 3.42 x 10°
40.0 4.37 x 10°
40.0 6.21 x 10°
30.0 6.87 x 10
30.0 1.32 x 10°
30.0 2.38 x 10°
25.0 7.94 x 10°

C-5



Cc-6

Table C-IIT (concl)

Temperature, Maximum Tension Number of Cycles
°F Stress, ksi to Failure
-320 25.0 1.10 x 10°
25.0 4.43 x 10° (Disc)
-423 55.0 7.00 x 10°
55.0 8.00 x 10°
55.0 1.00 x 10%
50.0 1.60 x 10%
50.0 3.20 x 10”
50.0 3.30 x 10
45.0 8.90 x 10
42.5 3.05 x 10°
42.5 3.20 x 10°
42.5 5.19 x 10°
40.0 8.86 x 10° (Disc)
40.0 9.07 x 10°
40.0 1.52 x 106 (Disc)

%axial load; R = -1.




Table C-IV Fatigue Propertiesa of Parent Metal 2020-T6

Aluminum Alloy

Temperature, Maximum Tension Number of Cycles
°F Stress, ksi to Failure
70 50.0 2.00 x 103
50.0 2.00 x 103
50.0 4,00 x 103
40.0 3.00 x 103
40.0 9.00 x 103
40.0 1.00 x 104
30.0 4.80 x 104
30.0 8.50 x 104
30.0 9.30 x 104
20.0 1.25 x 105
20.0 1.49 x 105
20.0 1.60 x 105
18.0 1.76 x lO6
18.0 3.90 x 106
18.0 1.03 x 107 (Disc)
-320 70.0 1.00 x 103
70.0 1.20 x 103
70.0 2.30 x 103
50.0 2.90 x 104
50.0 4,31 x 104
50.0 9.23 x 104
40.0 7.42 x 104
40.0 7.70 x 104
40.0 1.22 x 105
40.0 1.97 x 105
30.0 1.16 x 10°
30.0 1.49 x 105
30.0 3.27 x 105
30.0 1.22 x lO6
22.5 1.37 x 106
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Table C-IV  (concl)

Temperature, Maximum Tension Number of Cycles
°F Stress, ksi to Failure
-320 22.5 2.13 x 106
22.5 4.16 x 10°
3b
-423 70.0 3.00 x 10
67.5 4.00 x 10°
67.5 1.50 x 104
60.0 1.70 x 102c
60.0 2.10 x 10
60.0 2.90 x 104
60.0 4.30 x 104
57.3 8.60 x 104
50.0 1.16 x 105
50.0 1.53 x 105
50.0 1.99 x 105
42.5 7.75 x 105
40.0 1.09 x 106
40.0 1.41 x 10° (Disc)
40.0 1.50 x 106 (Disc)

#pxial load; R = -1.

bSpecimen previously run at 40,000 psi for 1.50 x 106 cycles
without failure.

CSpecimen previously run at 40,000 psi for 1.41 x lO6 cycles
without failure.




Table C-V Fatigue Propertiesa of Parent Metal 7075-T6

Aluminum Alloy

Temperature, Maximum Tension Number of Cycles
°F Stress, ksi to Failure
70 63.0 1.50 x 103
63.0 1.80 x 103
63.0 2.00 x 103
40.0 1.40 x 104
40.0 1.80 x 104
40.0 1.90 x 104
30.0 2.80 x 104
30.0 3.20 x 104
30.0 4,10 x 104
17.5 3.06 x 105
17.5 3.44 x 10°
17.5 4.20 x 10°
12.5 2.07 x 106
12.5 2.57 x 106
12.5 1.03 x 10'7 (Disc)
-320 60.0 2.20 x 103
60.0 5.50 x 103
60.0 6.70 x 103
40.0 7.12 x lO4
40.0 7.98 x 104
40.0 9.32 x 104
30.0 1.32 x 105
30.0 2.67 x 105
30.0 6.58 x 105
20.0 1.34 x 106
20.0 3.44 x 10°
20.0 4.30 x 106
17.5 5.12 x 106 (Disc)
17.5 5.35 x 106 (Disc)
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Table C-V (concl)

Temperature, Maximum Tension Number of Cycles

°F Stress, ksi to Failure

-423 80.0 1.00 x 103
80.0 1.00 x 10°
80.0 1.00 x 10°
80.0 2.00 x 103
65.0 4,20 x 104
60.0 4,20 x 104
60.0 7.10 x 104
60.0 8.80 x 104
50.0 1.42 x 106
50.0 4.35 x 10°
50.0 4.35 x 105
42.5 4.63 % 10°
37.5 4.05 x 106
35.0 1.08 x 106
35.0 1.11 x 106 (Disc)
35.0 1.20 x 106 (Disc)

anial load; R = -1,

bSpecimen previously run at 35,000 psi for 1.11 x 106 cycles
without failure.




Table C-VI Fatigue Propertiesa of Welded 2014-T6

Aluminum Alloy

Temperature,
°F

Maximum Tension
Stress, ksi

Number of Cycles
to Failure

70 30.0 2.00 x 10°
30.0 7.00 x 10°
30.0 1.00 x 10*
22.0 1.50 x 10°
22.0 2.10 x 10°
22.0 6.90 x 10"
15.0 1.70 x 10°
15.0 3,29 x 10°
15.0 5.14 x 10°
9.0 1.02 x 106 (Disc)
9.0 1.03 x 106 (Disc)
9.0 1.03 x 10° (Disc)
-320 35.0 1.00 x 10°
32.0 2.00 x 10°
30.0 1.05 x 10%
30.0 2.74 x 10°
30.0 2.75 x 10
20.0 2.51 x 10°
20.0 3.42 x 10°
20.0 5.51 x 107
10.0 1.59 x 106 (Disc)
10.0 3.30 x 106 (Disc)
10.0 5.29 x 10° (Disc)
423 50.0 5.00 x 102
40.0 2.00 x 10°
40.0 3.00 x 10°
40.0 6.00 x 107,
40.0 6.00 x 10°
35.0 1.80 x 10”
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Table C-VI (concl)

Temperature, Maximum Tension Number of Cycles
Stress, ksi _ to Failure
-423 35.0 6.80 x 104
35.0 8.40 x 104
30.0 1.82 x 105
30.0 2.65 x 10°
30.0 3.18 x 105
25.0 3.44 x 10°
17.5 1.01 x 106 (Disc)
17.5 1.03 x 106
17.5 1.06 x 106

%axial load; R = -1.

b
Specimen previously run at 17,500 psi for 1.0l x 106 cycles
without failure.




Table C-VII Fatigue Propertiesa

Aluminum Alloy

of Welded 2219-T87

Temperature,

Maximum Tension

Number of Cycles

°F Stress, ksi to Failure
70 30.0 1.00 x 10°
30.0 6.00 x 10°
30.0 9.00 x 10°
20.0 2.406 x 10°
20.0 3.30 x 10%
20.0 5.30 x 10%
15.0 7.90 x 10
15.0 1.94 x 10°
15.0 2.09 x 10°
10.0 2.04 x 10°
10.0 1.22 x 10°
10.0 1.04 x lO7 (Disc)
-320 32.0 3.10 x 10°
32.0 5.50 x 10°
32.0 5.70 x 10°
25.0 4.10 x 10%
25.0 4.74 x 10%
25.0 5.14 x 10%
17.5 1.89 x 10°
17.5 3.19 x 10°
17.5 5.91 x 10°
12.5 9.93 x 10°
12.5 3.27 x 10°
12.5 4.57 x 10°
_423 45.0 1.00 x 10°
45.0 1.00 x 10°
45.0 2.00 x 107,
45.0 2.00 x 10°
3C
45.0 5.00 x 10
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Table C-VII (concl)

Temperature, Maximum Tension Number of Cycles
F Stress, ksi to Failure
-423 42.5 1.70 x 104
40.0 3.50 x 104
35.0 5.50 x 104
35.0 7.40 x 104
35.0 1.17 x 105
30.0 2.13 x 10°
30.0 2.36 x 10°
30.0 4.22 x 10°
22.5 7.78 x 105
22.5 1.04 x 106 (Disc)
22.5 1.13 x 106.(Disc)

®Axial load; R = 1.

bSpecimen previously run at 22,500 psi for 1.04 x 106 cycles
without failure.

CSpecimen previously run at 22,500 psi for 1.13 x 106 cycles
without failure.




Table C-VIII Fatigue Properties® of Welded 5456-H343

Aluminum Alloy

Temperature, Maximum Tension Number of Cycles
°F Stress, ksi to Failure
70 30.0 2.00 x 10

30.0 2.00 x 103
30.0 3.00 x 103
26.0 1.60 x 104
20.0 2.20 x 104
20.0 4.50 x 104
13.8 2.45 x 10°
13.8 3.33 x 105
13.8 3.90 x 10°
10.0 5.35 x 10°
10.0 2.44 x 106
10.0 3.71 x 106

-320 32.0 2.60 x 10°
32.0 4 .80 x 103
32.0 8.40 x 103
25.0 1.44 x 104
25.0 2.54 x 104
25.0 4.94 x 104
17.0 2.04 x 105
17.0 2.62 x 10°
17.0 4.21 x 10°
12.0 1.41 x 106
12.0 2.58 x 106
12.0 5.23 x 106 (Disc)

-423 40.0 1.20 x 104
35.0 3.00 x 103
35.0 6.00 x 103
35.0 2.70 x 104
30.0 2.40 x 104
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Table C-VIII (concl)
Temperature, Maximum Tension Number of Cycles
°F Stress, ksi to Failure
-423 30.0 8.70 x 104
30.0 9.90 x 10
25.0 3.30 x 10°
25.0 4.12 x lO5
17.5 1.00 x lO6 (Disc)
17.5 1.07 x 106 (Disc)
17.5 1.19 x 106

3xial load; R = -1.




Table C-IX Fatigue Propertiesa of Annealed Parent Metal 5Al-2.5Sn

Titanium Alloy

Temperature, Maximum Tension Number of Cycles
°F Stress, ksi to Failure
70 125.0 6.00 x 10
125.0 1.00 x 103
115.0 6.00 x 103
115.0 8.00 x 103
115.0 1.30 x 104
100.0 2.00 x 104
100.0 5.30 x 104
100.0 8.10 x 104
75.0 1.88 x 10°
75.0 2.04 x 10°
75.0 2.71 x 105
70.0 1.36 x 106 (Disc)
70.0 2.00 x 106 (Disc)
70.0 2.00 x 106 (Disc)
-320 180.0 1.00 x 103
180.0 3.10 x 103
180.0 4.80 x 10°
175.0 3.00 x 103
160.0 6.90 x 10°
160.0 4.53 x 104
150.0 1.35 x 104
150.0 2.55 x 104
150.0 3.31 x 104
120.0 6.46 x 104
120.0 7.40 x 104
120.0 1.34 x 10°
119.5 6.75 x 104
119.0 2.05 x 10°
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Table C-IX (concl)

Temperature, Maximum Tension Number of Cycles
°F Stress, ksi to Failure
3b
-423 220.0 1.00 x 10 o
220.0 1.00 x 103d
220.0 1.00 x 103
220.0 3.00 x 103
220.0 3.00 x 103
220.0 1.30 x 104
180.0 3.00 x 104
170.0 4.00 x 104
160.0 2.20 x 104
140.0 9.00 x 104
130.0 1.15 x 105
130.0 1.61 x 105
130.0 2.85 x 105
125.0 1.05 x 106 (Disc)
115.0 1.08 x 105
105.0 3.79 x 105
105.0 1.11 x 106 (Disc)
105.0 1.12 x 106 (Disc)
105.0 1.13 x 106 (Disc)
®Axial load; R = 0.01.
bSpecimen previously run at 105,000 psi for 1.1l x 106 cycles
without failure.
CSpecimen previously run at 105,000 psi for 1.12 x 106 cycles
without failure.
dSpecimen previously run at 105,000 psi for 1.13 x 106 cycles
without failure.




Table C~X Fatigue Propertiesa of Solution-Treated and Aged
Parent Metal 6Al-4V Titanium Alloy

Temperature, Maximum Tension Number of Cycles
°F Stress, ksi to Failure
70 150.0 7.50 x 103
150.0 9.50 x 103
150.0 1.40 x 104
135.0 1.70 x 104
135.0 1.90 x 104
135.0 2.00 x 104
85.0 1.00 x 105
85.0 1.32 x 105
85.0 3.24 x 10°
70.0 2.59 x 105
70.0 1.97 x 106 (Disc)
70.0 2.04 x 106 (Disc)
-320 182.0 2.50 x 103
182.0 4.80 x 103
182.0 1.02 x 104
160.0 1.22 x 104
160.0 1.86 x 104
160.0 2.44 x 104
118.0 2.79 x lO4
100.0 5.19 x 104
160.0 8.01 x 104
100.0 8.31 x 105
98.0 7.32 x 10%
96.0 6.29 x 104
90.0 1.60 x 105
90.0 3.60 x 10° (Disc)
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Table C-X (concl)
Temperature, Maximum Tension Number of Cycles
°F Stress, ksi to Failure
-423 180.0 1.00 x 103b
180.0 8.00 x 102C
180.0 1.30 x 10 d
180.0 1.90 x 104
48
170.0 2.30 x 10
160.0 1.60 x 104
160.0 2.20 x 104
160.0 3.10 x 104
145.0 3.40 x 10%
140.0 3.90 x 104
135.0 3.30 x 104
135.0 3.40 x 104
130.0 2.70 x 104
130.0 2.34 x 105
130.0 1.02 x 106 (Disc)
125.0 1.21 x 106 (Disc)
110.0 5.50 x 104
110.0 1.12 x 106 (Disc)
110.0 1.13 x 106 (Disc)
qpxial load; R = 0.01.
Specimen previously run at 110,000 psi for 1.12 x 106 cycles
without failure.
cSpecimen previously run at 110,000 psi for 1.13 x 106 cycles
without failure.
dSpecimen previously run at 130,000 psi for 1.02 x 106 cycles

without failure.

e . .
Specimen previously run
without failure.

at 125,000 psi for

1.21

x 10" cycles




Table C-XI Fatigue Propertiesa of Solution-Treated and Aged
Parent Metal 13V-11Cr-3Al1 Titanium Alloy

Temperature,
-]

Maximum Tension

Number of Cycles

F Stress ksi to Failure
70 175.0 4.50 x 10°
175.0 .00 x 10°
175.0 7.80 x 10°
120.0 1.70 x 10°
120.0 2.10 x 10*
120.0 2.50 x 10”
79.3 1.04 x 10°
79.3 1.19 x 10°
79.3 4.95 x 10° (Disc)
79.0 5.14 x 10° (Disc)
77.5 1.00 x 10° (Disc)
~320 175.0 2.00 x 10°
160.0 7.00 x 10°
140.0 9.00 x 10°
137.5 1.30 x 10%
135.0 2.10 x 10°
130.0 1.10 x 10”
125.0 8.17 x 10°
122.0 5.98 x 10°
120.0 1.40 x 10%
120.0 3.94 x 10°
115.0 6.00 x 10
115.0 9.80 x 10%
105.0 4.14 x 10°
97.5 4.08 x 10°
-423 160.0 1.00 x 10°,
160.0 2.00 x 10°
160.0 6.00 x 10°
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Table C-XI (concl)

Temperature, Maximum Tension Number of Cycles
'F Stress, ksi to Failure
-423 145.0 2.00 x 10°
125.0 5.00 x 103
125.0 1.00 x 104
125.0 1.10 x 104
110.0 1.39 x 105
105.0 4.42 x 10°
105.0 1.05 x 106 (Disc)
100.0 8.71 x 105
100.0 1.10 x 106 (Disc)

@Axial load; R = 0.01.

bSpecimen previously run at 105,000 psi for 1.05 x 106
without failure.

cycles




Titanium Alloy

Table C-XII Fatigue Properties® of Annealed Welded 5A1-2.5Sn

Temperature, Maximum Tension Number of Cycles

Stress, ksi to Failure

70 105.0 5.00 x 103
105.0 1.00 x 104

105.0 1.20 x 104

90.0 1.10 x 104

90.0 2.30 x 104

90.0 3.00 x 104

72.0 6.40 x 10

70.0 4.79 x 105

70.0 1.13 x 106

70.0 2.30 x 106
-320 155.0 5.00 x 10°,

150.0 6.00 x 103 (Disc)
125.0 1.80 x 102c
110.0 2.60 x 10" (Disc)

95.0 2.60 x 104

85.0 1.24 % 105

82.5 5.90 x 104

82.5 6.70 x 104

80.0 6.90 x 104

80.0 1.15 x 106

77.5 1.09 x 105

77.5 1.10 x 106

75.0 4.30 x 104

_423 144.0 9.00 x 10°,
130.0 8.00 x 103

120.0 5.00 x 103

100.0 1.90 x 104

90.0 2.06 x 105
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Table C-XII (concl)

Temperature, Maximum Tension Number of Cycles

° Stress, ksi to Failure
-423 85.0 5.40 x 104
75.0 6.80 x 10”
70.0 4.60 x 10
70.0 1.71 x 105
60.0 1.41 x 105

60.0 1.12 x 106 (Disc)

®Axial load; R = 0.01.

bSpecimen previously run at 77,500 psi for 1.10 x 106 cycles
without failure.

CSpecimen previously run at 80,000 psi for 1.15 x 106 cycles
without failure.

dSpecimen previously run at 60,000 psi for 1.12 x 106 cycles
without failure.




Table C-XIII Fatigue Properties® of Solution Treated and Aged
Welded 6A1-4V Titanium Alloy

Temperature, Maximum Tension Number of Cycles
°F Stress, ksi to Failure
70 140.0 3.00 x 103
140.0 4.00 x 10°
140.0 4.00 x 10°
100.0 2.30 x 104
100.0 3.40 x 104
100.0 4.50 x 104
90.0 6.00 x 104
90.0 8.30 x 104
90.0 1.29 x 105
85.0 5.04 x 104
85.0 1.10 x 105
85.0 1.82 x 106
-320 160.0 7.00 x 103
150.0 5.00 x 103b
145.0 5.00 x 103
140.0 1.00 x lOZC
140.0 1.90 x 10
135.0 1.70 x 104
130.0 7.00 x 103d
120.0 2.70 x 104
115.0 2.80 x 104
110.0 3.40 x 104
100.0 2.10 x 104
95.0 1.80 x 104
90.0 4.70 x 104
90.0 8.00 x 104
87.5 2.04 x 105
85.0 1.10 x 106 (Disc)
80.0 1.03 x 106 (Disc)
80.0 1.12 % 106 (Disc)




C-26

Table XIII

(concl)

Temperature,

Maximum Tension
Stress, ksi

Number of Cycles
to Failure

-423 130.0 7.00 x 103
130.0 1.10 x 104
€
130.0 2.00 x 10 £
125.0 8.00 x 10°
38
120.0 7.00 x 10
110.0 1.30 x 104
105.0 1.70 x 104
100.0 5.90 x 104
95.0 2.20 x 104
90.0 9.00 x 104
85.0 1.79 x 105
82.5 1.22 x 105
80.0 1.03 x 106 (Disc)
80.0 1.15 x 106 (Disc)
80.0 1.50 x 106 (Disc)
a,. .
Axial load; R = 0.01.
Specimen previously run at 85,000 psi for 1.10 106 cycles
without failure.
CSpecimen previously run at 80,000 psi for 1.03 x 106 cycles
without failure.
Specimen previously run at 80,000 psi for 1.12 lO6 cycles
without failure.
eSpecimen previously run at 80,000 psi for 1.03 x 106 cycles
without failure.
Specimen previously rum at 80,000 psi for 1.50 106 cycles
without failure.
gSpecimen previously run at 80,000 psi for 1.15 106 cycles

without failure.
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